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A full-length cDNA encoding an acetylcholinesterase (AChE) from Hydra magnipapillata was iso-
lated. All of the important aromatic residues that line a catalytic gorge in cholinesterases of other
species were conserved, but the sequences of peripheral anionic and choline binding sites were
not. Hydra AChE, expressed in Xenopus oocytes, showed AChE activity. The gene was expressed in
both ectodermal and endodermal epithelial cells except for the tentacles and basal disk. AChE gene
expression was not detected in the regenerating tips in either the head or the foot, indicating that
regeneration is controlled by the non-neuronal cholinergic system in Hydra.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The enzyme acetylcholinesterase (AChE) catalyses the hydroly-
sis of the neurotransmitter acetylcholine (ACh) to choline and ace-
tic acid. This enzyme exists primarily in nerve cells involved in
cholinergic synaptic transmission, but is also found in a variety
of non-neuronal cells [1–6]. Although its function is not yet clear,
the non-neuronal cholinergic system appears to be involved in
the regulation of several biological functions, including prolifera-
tion, differentiation, organization of the cytoskeleton, cell–cell con-
tact and immune functions [6]. Molecular characterization of AChE,
measurement of AChE activity, and information concerning the cel-
lular localization of choline acetyltransferase (ChAT) that is re-
quired for ACh synthesis, are essential indices for understanding
the effects of cellular localization on the function of the enzyme.
The phylum Cnidaria is the most primitive phylogenetic group
that possesses a nervous system. A long-persisting question
regarding the comparative physiology of neuromuscular systems
has been whether cnidarians employ a cholinergic system. In spite
of no direct evidence of the existence of ACh or AChE in cnidarians,
it has long been known that these animals are sensitive to cholin-
ergic drugs [7]. In Hydra, the effects of the applied cholinergic
drugs on a great variety of biological responses have been ana-
lyzed. The regeneration ofHydra litoralliswas inhibited by nicotinic
antagonists (decamethonium and d-tubocurarine), a muscarinicchemical Societies. Published by E
shi).antagonist (atropine) and an AChE inhibitor (eserine) [8]. Regard-
ing drug effects on epitheliomuscular systems in Hydra attenuate,
nicotinic antagonists reduced ectodermal contraction pulse bursts
whereas atropine enhanced them [9]. Scemes [7] reported visually-
observed relaxation of the body column of Hydra viridis and Pel-
matohydra with atropine, but contraction with nicotinic antago-
nists (hexamethonium and decamethonium). Histochemical and
cytochemical experiments concerning AChE in Hydra show that
AChE activity is localized in the cell bodies and neurites of ganglion
cells, in nematocytes and also in epitheliomuscular and digestive
cells [10].
In the present study, we investigated the presence of AChE in
Hydra. We found a Hydra AChE (HyAChE) that has sequence homol-
ogy to AChEs in other animals. Furthermore, we obtained direct
evidence for catalytic activity of this enzyme.
2. Materials and methods
2.1. Animals and culture
H. magnipapillata strain 105 (wild type) was cultured as de-
scribed previously [11] and was used for all experiments.
2.2. Identiﬁcation of the gene encoding HyAChE
AChE homologue(s) were identiﬁed using the 170 000 ESTs gen-
erated by the Genome Sequencing Center at Washington Univer-
sity (the Hydra EST project) and using the sequence of the Hydralsevier B.V. All rights reserved.
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Human Genome Research Institute (Chapman et al., submitted for
publication).
All whole-genome shotgun (WGS) Hydra sequences were
downloaded from the NCBI trace archive. The amino acid se-
quences of the mouse AChE, and the putative Nematostella AChE
(GenBank accession number; XP_001629673), were used as a
query in a tBLASTn search of all Hydra WGS sequences. One
full-length AChE homologue (Hma2.213104) was obtained. All
Hydra EST sequences were downloaded from the DDBJ data-
base/GenBank and were translated in six frames using custom
perl script. The AChE homologue was also searched against the
translated EST database and nine EST fragments containing this
sequence were obtained.
For analysis of the genomic organization of the gene, the entire
cDNA sequence was blasted against WGS sequences using Mega-
BLAST (NCBI). For further searches of other Hydra genes showing
similarity to the Hydra AChE homologue, entire WGS sequencesFig. 1. Homology of Hydra AChE with cholinesterases in other species. SwissModel-gener
of other species are shown. (A) The Hydra AChE amino acid sequence is aligned with
AAH94752); worm AChE, (Caernorhabditis elegans, P38433); ﬂy AChE (Drosophila melanog
(XP_001631050). Putative N-terminal signal sequences are underlined, and amino acid nu
in (a) the peripheral anionic site; (b) the choline binding site; (c–g) the aromatic residues
(A) with Hydra AChE. Asterisks (*) indicate conserved positions. Intramolecular disulﬁd
position starting from the beginning of each sequence.were downloaded and translated in six frames. The translated
cDNA was used as a query to blast the translated genome database.
The nucleotide sequence of Hydra AChE was conﬁrmed by cloning
of the gene as follows.
Total RNA was extracted from polyps that were starved for 48 h
by using the AGPC method [12] and was used as the template for
cDNA synthesis (First strand cDNA synthesis kit, Invitrogen, Carls-
bad, CA, USA). Using the ﬁrst strand cDNA as a template, the cDNA
encoding the Hydra AChE gene was ampliﬁed by PCR using the
HyAChE primers 50-ATG TCT GAT GAA AAG CAG TCC A-30 (forward)
and 50-CTA GTT AAT CCA AGC GTA TGA-30 (reverse). PCR was per-
formed using 35 cycles of 30 s at 94 C, 30 s at 55 C, and 3 min at
72 C, and a PCR mixture (TaKaRa, Tokyo, Japan), according to the
manufacturer’s protocol. Ampliﬁed DNA was separated by 1.5%
agarose gel electrophoresis and the expected band was cloned into
pCRII-topo (Invitrogen). The resulting plasmid was used for DNA
sequencing and for synthesis of a cRNA probe for in situ
hybridization.ated multiple sequence alignments of Hydra AChE (AB513182) with cholinesterases
human butyrylcholinesterase (BuChE, EAW78592) and acetylcholinesterase (AChE,
aster, A25363); and Nematostella vectensis AChEs Nemato-1 (XP_001629673) and -2
mbers for each sequence are indicated at right. (B) Alignment of critical amino acids
of the catalytic gorge and (h) the active site serine of the same molecules shown in
e bonds are indicated by a line. Numbers in parenthesis indicate the amino acid
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The HyAChE cDNA open reading frame was ampliﬁed, inserted
into the Xenopus expression vector pSPUTK (Stratagene, La Jolla,
CA, USA), linearized with Hpa1 and then used for mRNA prepara-
tion using the MessageMachine SP6 Kit (Ambion, Austin, TX,
USA). The mRNA (100 ng) was injected into oocytes which were
incubated in ND96 buffer (98 mM NaCl, 2 mM KCl, 1.8 mM CaCl2,
1 mM MgCl2, and 5 mM HEPES (pH 7.6)) at 17 C for 2–3 days.
These HyAChE-expressing oocytes were used for cellular localiza-
tion of HyAChE activity using a physostigmine-ﬂuorescein (Ph-Fl;
Immunochemistry, Bloomington, MN, USA) probe, for assay of
AChE activity and for Western blot analysis.
2.4. Detection of AChE activity using a Ph-F1 probe and by Western
blot analysis
To examine the functional roles of HyAChE, Ph-Fl was used as a
probe of AChE activity [13]. Ten young polyps (stage I) were incu-
bated with 2 mM Ph-Fl for 1 h. After incubation, they were washed
three times with Hydra medium [11] and were then observed by
ﬂuorescence microscopy in the presence of 2% urethane. Ten
HyAChE-expressing oocytes were also incubated with 10 lM Ph-
Fl for 1 h. After incubation, they were washed three times with
ND96 buffer and were then observed by ﬂuorescence microscopy.
To prepare protein samples for Western blot analysis, each pro-
tein was extracted from H. magnipapillata (30 polyps), control
Xenopus oocytes (20 eggs), HyAChE-expressing oocytes (20 eggs)
and human AChE-expressing oocytes (20 eggs) using 25 mM phos-
phate buffer (pH 7.0). SDS–PAGE and immunoreaction with the
anti-human AChE antibody (ABCAM, Tokyo, Japan) were carried
out using standard procedures.Fig. 2. Localization of HyAChE with Ph-F1 in both Hydra and HyAChE-expressing oocytes
F1 probe in Hydra. (B) The upper part of Hydra without any Ph-Fl probe. (C) Enlargemen
(Ect) is right. Arrowhead indicates the basement membrane mesoglea. (D) Mock-injec
expressing oocyte. Bars indicate 0.5 mm (A, B, D and E) or 50 lm (C). (F) AChE activit
(HyAChE) or without (Mock) HyAChE cRNA. Each sample represents an average of four in
The AChE activity of HyAChE-expressing oocytes shows a statistically signiﬁcant differe2.5. Assay of AChE activity
AChE activity was assayed as described by Kaneda et al. [14].
In brief, H. magnipapillata (30 polyps), control Xenopus oocytes
(20 eggs), HyAChE-expressing oocytes (20 eggs) and human
AChE-expressing oocytes (20 eggs), which were used as a positive
control, were prepared. Samples were homogenized in 25 mM
phosphate buffer (pH 7.0). The reaction was started by the addi-
tion of a substrate solution including 6 mM acetylcholine chloride
(Nacalai Tesque, Kyoto, Japan), was carried out at 37 C for
15 min, and was then stopped with 40 ll of 5% metaphosphoric
acid in an ice bath. After 10 min, 20 ll of 2 mM ethylhomocholine
(EHC) (Nacalai Tesque) in water was added as an internal stan-
dard, and the reaction mixture was centrifuged at 1600g for
10 min at 4 C. An aliquot (5–10 ll) of the clear supernatant from
each sample was injected into a high-performance liquid chro-
matograph column with an electrochemical detection (HPLC-ED)
system. Protein concentration was determined by the method of
Lowry et al. [15].
HPLC-ED conditions were as described previously [14] with
minor modiﬁcations. A reversed-column (EICOMPAK AC-GEL;
4.6 mm  150 mm) was used for the separation of ACh, choline
and EHC. The choline concentration produced by AChE was
calculated based on 2 mM of a standard EHC. These three mol-
ecules in the efﬂuent from a mixing coil were then enzymati-
cally converted into hydrogen peroxide at 33 C by passage
through an AC-ENZYMPAK II-3R (3 mm  4 mm), to which both
AChE and choline oxidase were covalently immobilized, at a
ﬂow-rate of 0.4 ml/min with 0.1 M phosphate buffer (pH 8.2).
The electrode potential was set at +450 mV against an Ag/
AgCl reference electrode for the detection of hydrogen
peroxide.and its catalytic activity. (A) Localization of enzymatically active HyAChE with a Ph-
t of epithelial cell layers of the body column. Endoderm (End) is left, and Ectoderm
ted oocyte. (E) Localization of HyAChE activity with a Ph-Fl probe in an HyAChE-
y was assayed in homogenates of intact Hydra and in oocytes microinjected with
dependent experiments. Vertical bars represent the standard deviation of the mean.
nce from mock-injected oocytes at the 95% level using Student’s t-test.
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Digoxigenine (DIG)-labeled antisense and sense probes, derived
from the full-length HyAChE cDNA sequence, were synthesized
using the DIG RNA labeling kit (Roche, Mannheim, Germany).
Whole-mount in situ hybridization (WISH) was performed as pre-
viously described [16]. Samples were hybridized for 48 h with each
probe at a concentration of 0.5 ng/ll and were then stained with
Nitro Blue tetrazolium/5-bromo-4-chloroindol-2-yl phosphate
(NBT-BCIP) (Nacalai Tesque) at room temperature for 20 min in
the dark. Thereafter, samples were rinsed, incubated in 100% etha-
nol and subsequently mounted in Euparal (Asco Laboratories, Gor-
ton, England).
3. Results and discussion
3.1. The primary structure and deduced amino acid sequence of an
AChE from Hydra magnipapillata (HyAChE)
A full-length Hydra AChE cDNA was identiﬁed as described in
Section 2. The cDNA, obtained by PCR and subsequently cloned,
was 1869 bp in length (DDBJ accession number; AB513182). The
deduced open reading frame encodes a protein of 623 amino acids,
including a putative signal sequence of 25 residues (Fig. 1A). Align-
ment with the amino acid sequences of human AChE and butyr-
ylcholinesterase (BuChE), Caenorhabditis elegans AChE, Drosophila
melanogaster AChE and two putative Nematostella AChEs, indicatedFig. 3. Expression of HyAChE transcripts in Hydra. (A) Whole-mount in situ hybridizat
transverse section of the body column. Ectoderm (Ect) is above, and endoderm (End) is be
or 20 lm (C). (D) Schematic representation of a cross-section of the body column indicaconserved regions within the HyAChE protein. Identity of these re-
lated molecules to Hydra AChE were 21.5%, 23.1%, 22.8%, 25.2%,
23.9% and 22.2%, respectively.
A partial alignment of HyAChE sequences with the sequences of
functionally important regions of cholinesterases in other species,
including putative Nematostella sequences, showing catalytic posi-
tions with bilaterian sequences known to be required for their
enzymatic activity, is shown (Fig. 1B). Of these residues, all of the
important aromatic residues that line a catalytic gorge are con-
served in Hydra but neither the peripheral anionic site, nor the cho-
line binding site, are conserved in either Hydra or Nematostella
AChEs. In contrast, the active site serine is conserved in cnidarian
species, including partial Clytia hemisphaeria AChE sequences
(Fig. 1B) [17]. These conserved residues suggest that Hydra AChE
may have cholinesterase activity.
The genome structure of HyAChE was analyzed as described in
Section 2. The HyAChE gene contained no intron. Other Hydra genes
showing similarity to HyAChE were searched for in the translated
WGS database as described in Section 2. However, no such genes
were detected suggesting that the Hydra genome contains a single
copy of HyAChE and no other HyAChE-related genes.
3.2. HyAChE is a functional cholinesterase
To determine if HyAChE encodes a functionally active enzyme,
cRNA encoding the HyAChE open reading frame was intracytoplas-
mically injected into Xenopus oocytes. Expressed protein wasion (WISH). (B) Whole Hydra hybridized with a sense probe. (C) Enlargement of a
low the basement membrane mesoglea (arrowhead). Bars indicate 0.5 mm (A and B)
ting the location of neurons and interstitial stem cells between the epithelial cells.
Fig. 4. Expression of HyAChE during head and foot regeneration. HyAChE expression
during head regeneration (A), and foot regeneration (B), was analyzed by in situ
hybridization 3 h after decapitation. Arrowheads indicate mesoglea. Dotted lines
indicate the border between expression and non-expression.
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cholinesterase-type enzymes (AChE and BuChE) [18]. The Ph-F1-la-
beled HyAChE localized in the cell membrane of the cRNA-injected
oocytes (Fig. 2E), indicating that the HyAChE protein is expressed
in Xenopus oocytes at a location where it could bind ACh. Tissue
localization of enzymatically active HyAChE in Hydra was also
examined using Ph-Fl. As shown in Fig. 2A and C, a signal was de-
tected in endodermal epithelial cells throughout the entire body.
This result is in good agreement with the WISH data except for
detection of a signal in the tentacles. Heterologous expression con-
ﬁrmed that HyAChE cDNA encodes a functionally active AChE
(Fig. 2F).
HyAChE protein expression in intact Hydra was compared to
that of HyAChE-expressing oocytes by Western blot analysis.
Rather than generating an anti-HyAChE antibody, the anti-human
AChE antibody was used for immunodetection in Western blot
analysis. In this analysis, an anti-AChE-antibody cross-reactive
band was observed in both normal Hydra and HyAChE-expressing
oocytes, which was of weaker intensity than that of the positive
control (Fig. S1). The intensity of this band was slightly stronger
in intact Hydra than in the HyAChE-expressing oocytes (Fig. S1).
In the HyAChE-expressing oocytes, the Ph-Fl signal was detected
at only a part of the cell membrane (Fig 2E). Furthermore, the in-
duced AChE activity, measured in an in vitro enzyme assay, in
HyAChE-expressing oocytes appears to be too small to be function-
ally relevant (Fig. 2F). Soreq et al. [19] showed that the AChE activ-
ity of human AChE-expressing oocytes was about 10-fold higher
than that of mock-injected oocytes. The very low AChE activity that
we observed in oocytes may be due to the low level of protein
expression. In addition, the lack of a peripheral anionic site and a
choline binding site might cause a low HyAChE activity. The com-
bined data suggest that, HyAChE is not a mammalian AChE
ortholog.
3.3. WISH analysis of HyAChE transcript distribution
To determine in which Hydra region HyAChE is expressed,
in situ hybridization was carried out on whole body mounts.
HyAChE was expressed throughout the entire body except for the
tentacles and the basal disk (Fig. 3A). The sense probe gave no sig-
nal (Fig. 3B). The Hydra body consists of ectodermal and endoder-
mal epithelial cell layers, separated by a basement membrane, the
mesoglea. To determine which epithelia express HyAChE, a stained
sample was transversely sectioned (Fig. 3C), revealing that the
endoderm was stained blue, whereas the ectoderm was only
weakly stained. Weak staining in the basal region of ectodermal
epithelial cells was also observed (Fig. 3C). Interstitial stem cells
are located in the interstices between ectodermal epithelial cells
and neurons and in the interstices between epithelial cells
(Fig. 4D). Other cell types are readily identiﬁed by their morphol-
ogy as described by David [20]. For these reasons, no signal was de-
tected in neurons or in self-renewing interstitial stem cells that can
also differentiate into nerve cells [21], nematocytes [21], gland
cells [22,23] and germ-line cells (egg and sperm) [24].
The presence of AChE in bacteria, plants, and non-excitable tis-
sues of complex organisms suggests that it has a wide range of
alternative functions [6,25,26]. Since Hydra appears to have a
remarkable non-neuronal cholinergic system in the epithelium, it
is possible that AChE may have an alternative function in Hydra.
The epithelium plays an important role in Hydra morphogenesis
[27]. For example, ‘‘epithelial hydra” which is a preparation of Hy-
dra devoid of cells of the interstitial stem cell lineage including
nerve cells, undergoes regeneration with the same patterning
and timing as normal Hydra.
Hydra has a strong capacity for regeneration. Removal of the
head and foot results in production of a new head at the locationof the original head and a new foot at the opposite end. Analysis
of HyAChE gene expression during head and foot regeneration indi-
cated no expression of HyAChE about 3 h after decapitation in
either the ectoderm or the endoderm of apical and basal tips of
regenerates (Fig. 4A and B). Mesoglea is not observed in either
tip 3 h after decapitation [28].
It is unclear why HyAChE is not expressed in the regenerating
tips. While screening cholinergic compounds in Hydra, we identi-
ﬁed genes encoding ChAT, and one of these genes was expressed
in the regeneration tips of both the head and the foot (Takahashi
et al., in preparation). Therefore, ACh may be synthesized and re-
leased as a signaling molecule at the regenerating tips. Following
binding to ACh receptors (AChRs) at the edge of the tips (Fig. 4A
and B) ACh may induce differentiation of the stem cells into appro-
priate cell types according to their newly rearranged positions
along the oral-aboral axis. As has been shown for AChE in other
species, the function of HyAChE may be to regulate the access of
ACh to AChRs and excess ACh may be immediately degraded by
HyAChE.
Our data show that Hydra pattern formation may be regulated
by a non-neuronal cholinergic system. Epithelial cell peptides,
termed epitheliopeptides, are known to play important roles in Hy-
dra development [29]. The non-neuronal cholinergic signaling sys-
tem described here is likely to function in a combinatorial manner
with peptidergic signals and therefore provides a new approach for
exploring the mechanisms underlying developmental processes in
cnidaria, and most likely in other animals as well.
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